Details are presented for the construction of a simple precision temperaturecontrolled chamber for investigating bacterial motile behavior. Independent of original incubation temperature, all species of motile bacteria observed showed a five-to sevenfold increase in average translational velocity (micrometers per second) as the environment temperature was incremented over the range from 10 to 500C. Temperature jumps downward produced transient tumbling or reciprocal behavior responses, depending on the mode of flagellar distribution, in all species examined. Upward temperature jumps induced accelerated velocities without tumbling or reversal. A partial capacity adaptation to temperature was noted, in that the greatest average translational velocity at any given observation temperature occurred when the organisms were grown at temperatures less than the optimum.
Details are presented for the construction of a simple precision temperaturecontrolled chamber for investigating bacterial motile behavior. Independent of original incubation temperature, all species of motile bacteria observed showed a five-to sevenfold increase in average translational velocity (micrometers per second) as the environment temperature was incremented over the range from 10 to 500C. Temperature jumps downward produced transient tumbling or reciprocal behavior responses, depending on the mode of flagellar distribution, in all species examined. Upward temperature jumps induced accelerated velocities without tumbling or reversal. A partial capacity adaptation to temperature was noted, in that the greatest average translational velocity at any given observation temperature occurred when the organisms were grown at temperatures less than the optimum.
The relative sparsity of information regarding temperature effects on bacterial behavior is due, in part, to a lack ofadequate controls and precise instrumentation. Fast-response electronic transducers are particularly suited for innovations in developing simple and inexpensive precision temperature-controlled observation chambers characterized by rapid and accurate alteration capabilities. This paper describes experimental results of temperature effects on bacterial movements obtained with a device having the abovementioned properties.
MATERIALS AND METHODS
Bacteria. The following bacteria were selected from the department collection: Salmonella typhimurium, Pseudomonas aeruginosa, Spirillum serpens, Serratia marcescens, Bacilluspolymyxa, Bacillas coagulans, Proteus bridge was read by a 100-0-100 microammeter (Weston model 201). The unit was powered by a 9-V battery wired through the plug connector, which also connected the thermistor to the chassis. This insured that the unit did not remain on between experiments and facilitated changing the externally mounted battery. A momentary "on" push button switch increased the current flowing through the bridge, making it more sensitive for fine temperature adjustment (Fig. 3 ). When used, the calibrated dial was rotated until the meter needle read "O" in the center of the scale; the dial then indicated the thermistor temperature to +0.10C.
Temperature-controlled experiments. The culture to be observed was injected into the capillary tube with a 2-ml plastic syringe and 18-gauge blunt needle. Capillary tube ends were then plugged with a 0.5-cm length of 18-gauge wire. The temperature of the slide chamber was adjusted to that of the original incubation temperature of the culture to obviate exposure to sudden environmental changes upon injection. To provide an energy source and to avoid possible extraneous physical shocks, organisms were maintained undisturbed in the original culture medium.
The temperature of the hot water reservoir was held at 55°C, and higher temperatures were avoided to prevent the possible breakage of the capillary tube.
Temperature jumps, over a range of +30'C, could be achieved in less than 1 s by a flow adjustment of the heated and cooled water supplies fed around the culture-filled capillary tube.
RESULTS
In general, all cultures showed an increasing proportion of nonmotile organisms with age, (Fig. 4) , S. typhimurium (Fig. 5 ), S. serpens (Fig. 6) , and P. fluorescens ( Fig. 7) The velocity of all species examined was found to increase as the environmental temperature increased (Fig. 4 to 7) . In the Arrhenius-van't Hoff relationship, log k = [C -E]/[2.303 R (1/7)], where k is the reaction rate, C is a constant, E is the energy of activation, R is the gas constant, and T is the absolute temperature. This predicts that the velocity should, in fact, increase logarithmically with temperature. Furthermore, the temperature coefficient Q, = kal/kt, usually taken at 100C increments and designated Qlo, would also be constant over the entire temperature range if the velocity increased as a logarithmic function oftemperature. A few of our experimental results show that this is the case. S. typhimurium incubated at 430C exhibited Qlo values of Qlo-2o = 1.7, Q2-3 = 1.5, and Qwo.4o = 1.4 (Fig. 5) . Qio values for S. serpens incubated at 410C were Qjo-ao = 2.5, Qao ao= 2.2, and Qs4oo = 2.09 (Fig. 6 ). All curves with relatively constant Qlo values are for organisms grown at the highest incubation temperature used. The remaining curves for other species tested are linear, and their velocities were less than predicted by the above equations by an amount that increases as the temperature is raised. This could be due to either a loss in efficiency of conversion of flagellar movement for a given energy input as the temperature is raised or an inverse log relationship between energy input to the flagella and velocity due to mechanics of flagellar action.
Most eucaryotic organisms exhibit rapid declines in motility above 30 to 350C (3, 9) . We saw in this work, however, that there is an increase in velocity with temperature throughout the experimental range. All ofthe bacteria investigated showed some degree of motility adaptation to incubation temperature. In most cases, velocitytemperature curves are displaced, but parallel, depending upon the temperature at which the bacteria were incubated. The greatest motile activity was found in bacteria grown at the lowest temperature. Motility adaptation to temperature is only a partial adaptation, since an organism grown at 200C, for example, does not have the same velocity at 200C as the same organism grown at 400C exhibits at 400C.
Recent observations on chemotactic behavior (2, 4) indicate that bacteria suppress their tumbling when encountering an increasing concentration gradient of attractant, whereas tumbling is associated with negative chemotactic responses (10). B. polymyxa and S. typhimurium were observed to tumble from 2 to 10 s upon a downward temperature jump, after which time they resumed a normal run typical for that temperature. However, when an upward temperature jump was applied to these bacteria, they simply accelerated without showing any other response.
P. fluorescens and P. aeruginosa are polarly flagellated, and they change direction (1800) by simple reversal, rather than by tumbling. In a similar manner, when a downward temperature jump was applied, they oscillated for 3 to 4 s before resuming a normal run, but when an upward temperature jump was applied, they accelerated without showing any other response. Thus, a downward jump produces responses similar to those induced by an increasing concentration gradient of repellent, whereas an up-ward jump appears to induce behavior similar to an increasing concentration gradient of attractant. Maeda et al. (5) observed similar responses with Escherichia coli. Their observation slide could not change temperature faster than 0.15°C/s, but they did observe decreases in tumbling with a duration of 1 min in the course of a 2-min temperature increase. The tumbling frequency increased with temperature decreases.
One could speculate that, as a bacterial organism is suddenly cooled, its outer surface will cool before the interior. The cell wall layers will contract more rapidly than the cytoplasmic membrane, which, in turn, may be physically compressed. This temperature differential-induced compression could act to depolarize the membrane, possibly promoting an increase in the tumble frequency. Naitoh and Eckert (6, 7) observed that membrane depolarization can be induced by mechanical pressure on Paramecium and Euplotes.
Since the uncoordination of S. serpens at a high temperature is unique among the bacteria studied, this organism differs in some way as regards the control of its flagella. Bacterial species vary in their lipid content, and it is possible that S. serpens has a particular lipid with a melting point of about 400C in a critical area of the membrane, so as to "short out" or depolarize the membrane and inactivate the directionchanging apparatus. This may correspond to the similar effects produced by lipid-and membrane-active substances.
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